Yersinia pestis, causative agent of plague, is one of the deadliest pathogens around globe. Innate immune response is first line of host defense against pathogens. Here, we have investigated innate and adaptive immune response in plague infected mice, gene expression levels of TLR1-9 and CD14, MyD88, NF-ĸB, TNF-α, MAPKp38, IL-1β were studied in peritoneal macrophages of plague infected mice in a time dependent manner (0 h, 24 h, 48 h, 72 h, 96 h and 120 h of post infection) by qRT-PCR. We also evaluated the immune response to Yersinia outer proteins (Yops) in Y. pestis infected mice. Selected genes (11 numbers) of Y. pestis encoding virulent factors viz, YpkA, YopH, YopM, V antigen, Pla, YopN, YopJ, YopE, YopK, F1 and pH6 antigen were amplified by PCR, cloned and expressed in Escherichia coli. To study the IgG and its isotypes level, ELISA and immunoblotting were performed using purified recombinant antigens. The major antigens recognized by murine plague infected sera were V antigen, YopH, YopM, YopE, F1 but very weak immunoreaction was observed in case of Pla. We observed a significant difference in IgG isotypes (IgG1, IgG2a, IgG2b and IgG3) to V antigen and F1, whereas in case of YopH and YopE (IgG1 and IgG2b) only. We also observed significant increase in the expression of CD14 at 48 h post infection, TLR4 and MyD88 at 72 h post infection in Y. pestis infected mouse peritoneal macrophages. Our findings suggest that both innate and humoral immune responses are crucial for protection.
Introduction
Yersinia pestis, a Gram-negative bacterium causing plague is a biothreat agent [1, 2] . It caused three massive pandemics in history and killed hundreds of millions of people [3] . If not treated with proper antibiotics, bacteria reaches lymph node, spread systemically through blood, and cause fatal sepsis [3] . Pneumonic form is difficult to treat because of speed of the disease's progress and by the time individuals are symptomatic, they are often close to death.
Yops are known as virulence determinants expressed by Y. pestis [4] . Yops are encoded on a 75-kb plasmid, in vitro expression from these genes and subsequent secretion and translocation by a Type III secretion system are regulated by some crucial factors like temperature, calcium, and host contact [5] [6] [7] [8] [9] . Majority of Yops play crucial role in determining the virulence of the bacteria. YopE indirectly depolymerizes actin microfilaments [8, [10] [11] [12] ; YopH, a tyrosine protein phosphatase [13, 14] ; YpkA, a serine/threonine protein kinase [15, 16] ; YopM is translocated through a type III secretion system (T3SS) into the host cell cytoplasm [17] . YopM of Yersinia pestis induces a global depletion of natural killer (NK) cells [18] . YopM does not have a known enzymatic activity and its mode of molecular action is still unknown [19] ; and YopB, YopD, YopK, and YopN, involved in controlling Yop translocation [8, 11, 12, 14, [20] [21] [22] [23] [24] . V antigen has shown anti host function and played crucial role in the regulation of low calcium response [25, 26] . There exists a second 100-kb plasmid which encodes a murine toxin and the capsular protein, F1 [27] , necessary for full virulence [28] . Third plasmid of 10 kb encodes the bacteriocin, pesticin, and a plasminogen activator protease (Pla) necessary in most strains for virulence from a subcutaneous site [29] . Other factors involved in virulence include the pH6 antigen encoded by chromosome [30] , and lipopolysaccharide (LPS). Earlier studies measured the immune response to Y. pestis infection with cell extracts of Y. enterocolitica, Y. pseudotuberculosis, or Y. pestis as the antigens [31] [32] [33] . Immune response to purified V antigen, YopM [34] , and Pla [35] was reported for small numbers of cases of human plague. More recently immune response to purified antigens of Y. pestis including F1, V antigen, YpkA, YopH, YopM, YopB, YopD, YopN, YopE, YopK, plasminogen activator protease (Pla), and pH 6 antigen as well as purified lipopolysaccharide was reported in antibiotic treated experimental plague survived mice [36] .
Pathogen-host interaction is an important aspect for understanding pathogenesis and consequently developing successful countermeasures. Normally, once the bacterium infects host, innate immune responses provide immediate protection and after 4-5 days, T-cell and B-cell mediated adaptive immune response begins to provide organismspecific protection. Adaptive immune response generates long-lasting immunological memory; as a result, the bacterium will be eradicated by the synergistic effect of both innate and adaptive immunity [3] . Here, we evaluated both innate and adaptive immune responses in experimental plague survived mice. Gene expression levels of TLRs (TLRs 1-9) and CD14, MyD88, NF-kB, TNF-α, MAPKp38, IL-1β were studied in the peritoneal macrophages of Y. pestis infected mice in a time dependent antigens of Y. pestis including YpkA, YopH, YopM, V antigen, Pla, YopN, YopJ, YopE, YopK, F1 and pH6 antigen in experimental plague survived mice without any antibiotic treatment. This is the first report on Indian plague isolate (Y. pestis) to characterize in terms of protective immunity and immune response of infected mouse model.
Materials and Methods

Ethics statement
The animal studies experiments had an approval from the Institutional Animal Ethics Committee (IAEC) wide registration number 37/1999/CPCSEA and Institutional Biosafety committee (IBSC) wide reference no: MB/11/50/UT as per the institutional norms. The principles of good laboratory animal care were followed all through the experimental process. The mice were maintained in accordance with recommendations of committee for the purpose of control and supervision of experiments on animals, Govt. of India.
Bacterial strains and reagents
One of the virulent strains of Y. pestis, Antiqua biovar (S1 strain) recovered from an outbreak of primary pneumonic plague occurred in Northern India in 2002 [37, 38] was subjected for this study. Brain Heart Infusion (BHI) media and agar were purchased from Himedia. Frozen stocks of Y. pestis were streaked on BHI agar plate and incubated at 28°C for 48 h. Single colony from BHI agar plate was further inoculated in 5 ml of BHI broth and grown at 28°C for 48 h, centrifuged, washed with BHI, CFU/ml was counted by plate count method. All live Y. pestis cultures and animal experiments were performed in BSL-3 facility.
Animal challenge with Y. pestis (S1 strain)
To determine LD 50 , initially 10-fold serially diluted bacterial cultures were injected in Balb/C mice (n=30) by intra peritoneal route and the surviving rate of mice was observed up to 5 days of post infection. The LD 50 was calculated by the method of Reed and Muench [39] .
To study the innate immune response against Y. pestis, 45 BALB/c mice of 4-6 week old (Batch-I) were divided in infected group (n=30) and control group (n=15). Infected group was challenged with LD 50 of Y. pestis (1×10 3 CFU/mouse) intraperitoneally and control group received only media. Three survived animals from each group of batch-I were sacrificed at 24 h, 48 h, 72 h, 96 h and 120 h of post infection. Peritoneal macrophages were isolated and pooled with respect to the time points, suspended in RNA later solution (Sigma, USA) and stored at -80°C for further use.
In another experiment (Batch-II) a group of 4-6 week old BALB/c mice (n=16) were used for challenge with LD 50 of Y. pestis (1×10 3 CFU/ mouse) intraperitoneally and a control group (n=4) received sterile PBS only. The survival of mice was observed from 24 h to 30 days. The 50% of the experimentally infected mice were found dead at 5 days of post infection. On day 0 and 22 nd sera samples were collected from infected survived (n=8) and non-infected (n=4) mice.
Cloning, expression and purification antigens
The genes ypkA, yopH, pla and lcrV, yopN, yopJ, yopE, yopK, caf1 and pH6 were amplified by PCR and cloned into pET28a whereas yopM was cloned in pET30a (Novagen). The used primers details are given in Table 1 . Cloning of each gene was confirmed by nucleotide sequencing (Applied Biosystem, USA). Recombinant proteins were expressed in BL21 (DE3) at 37°C after IPTG induction and purified in denaturing conditions (YpkA, YopH, and Pla, YopN, YopJ, YopE, YopK, F1 and pH6 antigen) whereas YopM and V antigen were purified in native condition by Ni-NTA columns (Qiagen) as described by manufacturer. The purified recombinant proteins were dialyzed and estimated by Bradford method [40] .
SDS-PAGE and immunoblotting
Purified antigens (2 µg/lane) were separated by 10% SDS-PAGE. The gels were run containing purified recombinant proteins. The proteins on gels were visualized by staining with Coomassie blue to observe purity. The same set of antigens was transferred from gels on nitrocellulose membranes [41] . The membranes were probed at 1:1000 dilutions of pooled Y. pestis infected and non infected sera respectively. The membranes were incubated for 1 h at room temperature with 
Indirect ELISA
To determine IgG titers in serum, an indirect IgG ELISA was performed. 100 ng/well of purified antigens including YopH, YopM, V antigen, Pla, YopE and F1 were individually coated into 96-well plates (Nunc, Denmark) in triplicates, reacted with sera samples (1:400 to 1:51200 in PBS). Subsequently plates were incubated with 1:1000 dilution of HRP-conjugated goat anti-mouse IgG. Plates were incubated for 1 h at 37°C and were developed with o-phenylenediamine (Sigma Aldrich, USA) and the absorbance was read at 492 nm by an ELISA reader (BioTeK, USA).
IgG Isotyping
In order to evaluate the circulating IgG isotypes, it was carried out for YopH, YopM, Pla, V antigen, YopE and F1 using isotype specific antibodies (goat anti-mouse IgG1, IgG2a, IgG2b and IgG3 from BioRad, USA at 1:1000 dilutions) as described above in triplicates. Detection of bound isotype specific antibodies was done with peroxidase labeled rabbit anti-goat IgG (1:5000) and OPD substrate. The absorbance was read at 492 nm.
RNA isolation and cDNA synthesis
Total RNA was isolated from the peritoneal macrophages of Y. pestis challenged mice collected at different time point (0 h, 24 h, 48 h, 72 h, 96 h and 120 h) using GeneJET TM RNA Purification Kit (Fermentas, USA) as described by manufacturer. RNA was quantified in each sample by NanoDrop 2000C (Thermo Scientific, USA). RNA (100 ng) from each group was then reverse transcribed to cDNA using First Strand cDNA Synthesis Kit (Fermentas, USA) as described by manufacturer.
Quantitative real-time PCR
The qRT-PCR was performed in duplicates using primers designed by IDT SciTool using published target sequences. Primers were designed for TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9, CD14, MyD88, NF-κB, TNF-α, IL-1β, MAPKp38 and the predicted product sizes are shown in Table 2 . Real-time PCR was performed using CFX96 TouchTM Real-time PCR System (BioRad, USA) using the SsoFast Eva Green Supermix (BioRad, USA) SYBR green reagent as described by manufacturer. Briefly, 2 μl of cDNA was used for each PCR with 250 nM forward and reverse primers in a total volume of 25 μl. Thermal cycling conditions comprised 95°C for 30 sec followed by 45 cycles at 95°C for 5 sec. At the end, a melt curve analysis was done from 60°C-95°C. For normalized gene expression (ΔΔCq), the average threshold cycle (Cq) obtained in each PCR reaction was normalized against GAPDH reference gene as calibrator. The relative expression was analyzed and represented in terms of normalized fold expression with ± 1 standard deviation using CFX Manager TM software (BioRad, USA).
Statistical analysis
ELISA results for IgG and its subtypes have been presented as mean ± SE of triplicates of three individual experiments, and statistical comparisons were performed using SigmaStat4 Software (Aspire Software International, USA). The obtained mean OD values were analyzed to t-test and P values of <0.05 were considered as significant. The relative gene expression was analyzed and represented in terms of normalized fold expression by CFX Manager TM software (BioRad, USA).
Results
LD 50 Determination
Using Reed and Muench method as described earlier calculated LD 50 of Y. pestis in Balb/c mice. LD 50 value was found to be 1×10 3 CFU/ mouse as 50% of experimentally infected mice were found dead at 5 days of post infection.
Cloning, expression and purification of Y. pestis antigens
The negative for pooled sera (data is not shown). Very good IgG antibody response to V antigen followed by YopM, YopH, and Pla was observed in plague infected mice sera when compared to pre-infected sera. Our results indicate that V antigen; YopE and F1 are the immunodominant antigens in magnitude of response, with titers ranging from 1:400 to 1:6400 ( Figures 2C,2E and 2F ). YopH and YopM were also observed immunodominant and titres were ranging from 1:400 to 1:3200 for both of the virulent factors (Figures 2A and 2B) respectively. Pla was found to be a weak immunogen with titres ranging from 1:400 to 1:3200 as observed high OD in control sera ( Figure 2D ).
IgG antibody isotyping:
to observe pre-dominance of IgG isotypes in plague infected mice sera, the levels of IgG1, ELISA measured IgG2a, IgG2b and IgG3 for each recombinant antigen. In case of V antigen and F1, very high level of IgG1 followed by IgG2b, IgG3 and IgG2a was observed in plague infected sera with respect to pre-infected sera ( Figures 3B and 3D ). In case of YopH and YopE, IgG1 and IgG2b were significantly high in comparison to normal sera ( Figures 3A and 3C ). In case of YpkA, YopM and Pla, no significant difference was observed mg) F1 (14 mg) and pH6 (13 mg) was obtained from one litre of shake flask culture of individual clone representing individual protein.
SDS-PAGE of purified Y. pestis antigens and immunoblotting
To determine molecular mass and purity, expressed recombinant proteins viz; YpkA, YopH, Pla, YopM and V antigen ( Figure 1A) and YopN, YopJ, YopE, YopK, F1 and pH6 antigen ( Figure 1D) were analyzed by SDS-PAGE. All recombinant proteins reported in present study represent similar molecular weight to those reported in literature. In a Western blot experiment, pooled sera of Y. pestis infected mice recognized the purified antigens include YopH, YopM, V antigen and Pla ( Figure 1B) ; YopE and F1 ( Figure 1E ). Pre-infected pooled sera did not recognize any recombinant antigen ( Figures 1C and 1F ).
Humoral immune response to Y. pestis antigens in experimental plague surviving mice
IgG ELISA: On day 22 nd of post-challenge, sera from infected mice were collected and analyzed by ELISA for IgG antibody response. Figure  3 shows immunological responses of pooled sera from 8 animals with Y. pestis antigens; immune response to one antigen tested (YpkA) was (data not shown). The immune response of all 11 recombinant antigens has been summarized in Table 3 .
Innate immune response of Y. pestis infected mice
To evaluate the innate immune response against Y. pestis infection, the expression levels of TLRs (TLR1 to TLR9) and other gene transcripts i.e., CD14, MyD88, NF-κB, TNF-α, MAPKp38, IL-1β were studied through qRT-PCR. As shown in Figure 4 , all TLRs were detected with varied expression levels. Out of 9 TLRs tested, interestingly only TLR4 had a pronounced expression with 30 fold increase ( Figure 4A ). TLR2, TLR4 and TLR9 were also detected significantly in peritoneal macrophages. Relative expression of TLR1, TLR3, TLR5, TLR6, TLR7 and TLR8 was significantly lower as shown in Figures 4A and 4B . The elevated TLR4 at 72 h after infection showed nearly seven-fold drop after 120 h of post infection. No TLR4 expression was noticed after 120 h of post infection. Interestingly CD14 expression was seen prior infection (0 h) and its expression level raised more than 100 fold as early as 48 h of post infection. The CD14 level drastically reduced and no CD14 was detected at the end of 120 h of post infection as shown in Figure 4B . We also analyzed the expression of some adaptor molecules and cytokines, amongst which MyD88 showed a pronounced expression with more than 20 fold increase. IL1β and MAPKp38 genes were found to be down regulated as the infection progressed from 24 h to 120 h ( Figure 4C) . TNF-α level was found more than five-fold at all time points during the course of infection. However, a gradual decrease in expression level of TNF-α was noticed as infection progressed from 0 h to 120 h of post infection ( Figure 4C) . The NF-κB had no significant change in its expression level in response to Y. pestis infection.
Discussion
The innate immune response is a complex set of interactions that have evolved to optimize the response to pathogens. TLRs are transmembrane proteins expressed by cells of the innate immune system, which recognize invading microbes and activate signaling pathways that launch immune and inflammatory responses to destroy the invaders. In present study, we have investigated the innate immune response of experimental Y. pestis infected mice to gain insight into the TLRs response including CD14, MyD88, NF-κB, TNF-α, IL-1β, MAPKp38 gene transcripts which play the crucial role to develop the innate immune response during infection. This is the first report where nine TLRs (TLR1 to TLR9), CD14, MyD88, NF-κB, TNF-α, IL-1β and MAPKp38 have been studied in peritoneal macrophages isolated from experimental Y. pestis infected mice by qRT-PCR in a time dependent manner. Our results indicated that CD14 is the first receptor, which showed very high expression (100 fold) as early as 48 h of post infection. Interestingly, only TLR4 was observed showing pronounced expression include a number of transcription factor activations, are unique for each TLR. This results in a response that is appropriate to each threat [42] . Dziarski has proposed the TLR4 signalling pathway mechanism in case of Y. pestis infection that involves the activation of TLR4 by CD14 and subsequently activate the downstream molecule MyD88 and lead to the activation of cytokines and inflammatory pathways to eliminate the pathogen and provide immunity [43] .Our findings are also in accordance with the above study.
Although there are few reports [30] [31] [32] 37] on immune response to Yops, the novelty of our work lies in the use of 11 purified recombinant antigens (YpkA, YopH, YopM, V antigen, Pla, YopN, YopJ, YopE, YopK, F1 and pH6 antigen) for definitive conclusion without administration of antibiotics. Our results indicated the predominant IgG antibody response of mice surviving plague without any antibiotic treatment was against F1, V antigen, YopE, YopH, YopM, Pla. A significant increased antibody titer with predominance of IgG2b, IgG3 and IgG2a isotypes along with elevated level of IgG1 was observed to F1 and V antigen. In case of YopH and YopE, there was a significant increase in IgG1 and IgG2b. There are different subclasses of IgG immunoglobulins such as IgG1, IgG2a, IgG2b, and IgG3 that provide the immunity to most infectious agents. During a cell-mediated immune response, there is a gradual change in the predominant immunoglobulin class of the specific antibody produced. This isotype switch is controlled by T-cells and their cytokines. In mice, IL-4 generally switches activated B cells to the IgG1 isotype (Th2 type immune response); IFN-γ induces IgG2a and IgG3 responses (Th1 type) [43] . It is quite evident from these findings that Y. pestis infection in mice induces both Th1 and Th2 type of immune response that provide protective immunity in combination with innate immune response in plague survived mice.
(30 fold) of 72 h post infection. We also observed that MyD88 an adaptor molecule showed more than 20 fold increased expression of 72 h post infection.
The signal transduction pathway for TLR4 activation by LPS (Lipopolysaccharide) serves as a representative example of the surface bound TLRs. LPS first binds to the CD14 receptor, which then transfers it to TLR4. TLR4 homodimerizes and forms a complex with the protein MD2. Cells need both MD2 and TLR4 in order to recognize LPS. TLR4 activation engages a set of MyD88 adaptor family members, including TIRAP, TRIF, TRAM (all three are TIR domains containing adapter proteins) and MyD88. This pattern of activation is general for cell surface TLRs, but the subsequent intracellular signal cascades, which Earlier, the immune response was evaluated to Yops in plague survived mice treated with many antibiotics [36] . Here, our objective was to understand immune response to Yops in plague survived mice without any antibiotic treatment. Antibiotic treatment following infection may kill the pathogens and degraded products (exposed proteins/antigens) of bacteria including Yops evoke the host immune response. However, we have evaluated the immune response to Yops in experimental plague surviving mice, which may mimic natural scenario of plague infection survivals where no antibiotic treatment is given. Therefore, our findings suggest that the survival of mice following plague infection in present study was due to development of both innate as well as adaptive immunity. These findings may helpful to understand the host-pathogen interaction for development of new effective vaccine candidates. 
